Abstract: Instantaneous frequency measurement of microwave signals is a fundamental functionality for applications including radar and electronic warfare. Photonic techniques have potential to enlarge the measurable frequency range, however, most of photonicsassisted solutions are lack of the ability to simultaneously achieve large measurement range, high measurement speed, and high measurement accuracy in a single system. Here, we propose a photonics-assisted nonscanning high-accuracy multiple frequency measurement scheme based on optical beating between double sideband carrier-suppressed signals and a detuning optical frequency comb at a narrow band photodiode. The frequencies of the incoming RF signals can be estimated by analyzing the frequency and power information of the beating notes. In a proof-of-principle experiment, single-and multiple-frequency measurements with a large measuring range from 2 to 12 GHz and low measuring error of less than 2 MHz was achieved. This scheme is suitable for instantaneous multiple-frequency measurement with high accuracy across a large frequency measurement range.
Introduction
Microwave frequency measurement is of importance for modern electronic warfare and radar systems [1] . In many military applications, it is generally necessary for receivers to instantaneously capture the frequency information of an unknown intercepted signal before assigning a specialized system for further processing including signal analysis and countermeasure [2] , [3] . Although traditional electronic approaches can achieve a large dynamic range and high measurement accuracy, they suffer from limited bandwidth, high power consumption and bulky size. Recently, several photonics-assisted schemes to measure the frequency of microwave signals have been proposed and considered as promising solutions, thanks to photonic advantages such as large bandwidth, low loss, light weight and so on [4] - [6] . The photonics-assisted frequency measurement approaches mainly include frequency mapping and frequency scanning. In the former method, an amplitude comparison function related to the frequency of the incoming RF signal has been established by various means. A number of schemes based on optical signal power fading which is induced by propagating in the dispersive medium are proposed [7] - [9] . Some other schemes utilize various kinds of wavelength-dependent optical filters [10] - [12] or microwave photonic filters [13] - [15] to induce optical signal power fading. Unfortunatly, these schemes have a relatively large measurement error, which is frequency-dependent across the measurement range. As to the latter method, the passband of filters will be tuned to scan the frequency of microwave signals. The filter's frequency sweep is achieved by heating the internal electrodes of the fiber with a short electrical pulse that shifts the Bragg wavelength of the grating to longer wavelength [16] . By sweeping the wavelength of the pump wave to excite the stimulate Brillouin scattering, the frequency of the unknown signal can be obtained [17] , [18] . In this method, it always takes a significant amount of time in frequency scanning. With a given scanning speed, the scanning time is proportional to the measurement range, which is not suitable for instantaneous frequency measurement across a large frequency range. In general, large measurement range, high measurement speed and high measurement accuracy cannot be obtained simultaneously in a single system.
In this work, we propose a novel photonics-based non-scanning high-accuracy measurement scheme based on optical beating between double sideband carrier-suppressed (DSB-CS) signals and a detuning optical frequency comb (OFC) using low-speed components. The measurement error is limited down to 2 MHz and is independent of the frequency of the incoming RF signal.
Principle and Method
The principle of the proposed scheme is described in Fig. 1 . The optical carrier with the frequency of f c originating from a laser source is split into two parts. One is modulated by an incoming RF signal with the frequency of f RF to generate a DSB-CS signal. The other is used to generate a detuning OFC with the frequency spacing of f 0 , which has multiple frequency broaches with unequal powers. The suppressed carrier of the DSB-CS signal and the first broach of the detuning OFC are set to have the same frequency. The DSB-CS signal and the detuning OFC beat at a photodiode (PD) with the response bandwidth from DC to f 0 . For the incoming RF signal with the frequency of higher than f 0 , all of the beating frequencies between the upside sideband (USB) and downside sideband (DSB) of the DSB-CS signal and the broaches of the detuning OFC are beyond the response bandwidth of the PD, except that the ones between the USB and two adjacent broaches closest to the USB in frequency domain are within the response bandwidth of the PD. This will generate two corresponding beating components. The frequencies and the power ratio of these two beating components can be obtained by analyzing the spectrum of the beating signals. Given that the broaches in the detuning OFC are of unequal powers, the numerical orders of these two broaches can be determined by the power ratio between the corresponding beating signals. Then the frequency of the RF signal can be estimated according to the known frequencies of the broaches in the detuning OFC and the corresponding beating notes. In this scheme, the frequency measurement of a single-tone signal across a large measurement range can be achieved using low-speed components, including PD and spectrum analyzer (SA).
The continuous light output from the laser source is divided into two parts. The one is modulated by the incoming RF signal with the frequency of f RF to generate the DSB-CS signal and the modulated optical signal can be written as
where
is the amplitudes of the optical field of the USB and DSB of the DSB-CS signal. β = πV 0 /V π and J n (.) are the phase modulation index and n-order Bessel function of the first kind, respectively. V 0 and V π are the amplitude of the incoming RF signal and the half-wave voltage of the MZM. The other is used to generate a detuning OFC, and the optical field of the detuning OFC can be written as
where n is the total number of the broaches in the detuning OFC, B i is the amplitude of the i -th broach in the detuning OFC, and ϕ i is the relative phase difference between the i -th broach and the first broach (ϕ 1 = 0). The DSB-CS signal and the detuning OFC are coupled together and beat at the PD. The PD cannot respond to all of the beating signals due to its limited response bandwidth, except for the two between the USB and two broaches, which are closest to the USB in frequency domain. The beating signal between the USB and the i -th broach can be written as
where is the responsivity of the PD. In this expression, a DC component is omitted. Assuming that the USB of the DSB-CS signal is located between the i -th and (i + 1)-th broach (2 ≤ i ≤ n − 1) in frequency domain, namely,
then, only the beating signals between the USB and the i -th and (i + 1)-th broach can be responded. Therefore, the power ratio of the beating signals between the DSB-CS signal and the i -th and (i + 1)-th broaches R i can be written as
where P i is the power of the i -th broach in the detuning OFC. It can be seen that the power ratio R i is related only to the powers of the adjacent broaches in the detuning OFC, but not to the amplitudes of the USB of the DBS-CS signal or the power of the incoming RF signal. The frequency of the incoming RF signal can be obtained by analyzing the spectrum of the beating signals, which contains the frequency and power information of the two beating signals. The frequency of the incoming RF signal can be estimated as following
where f i is the beating frequency between the USB of the DSB-CS signal and the i -th broach of the detuning OFC. The frequency measurement of multiple-tone signals can be achieved using the same approach. In the multiple frequency measurement process, the frequency pairs which contain two beating signals and their frequency sum is the same as the frequency spacing of the detuning OFC should be picked out after analyzing the spectrum of the beating signal is achieved. Then, the frequency of each incoming RF component can be estimated according to the frequency and power information of the corresponding frequency pair.
Experiment and Discussion
A proof-of-principle experiment based on the proposed scheme described in Fig. 1 is carried out, and the frequency measurement system configuration is shown in Fig. 2 . The parameters of the In our experimental system, the light output from the laser source is divided into two parts via an optical coupler (OC). In the upper arm, the light is modulated by the incoming FR signal. The bias point of the MZM is set to be the minimal transition point for a DSB-CS modulation [19] . In the lower arm, the light is used to generate a detuning OFC. To make the dual-parallel Mach-Zehnder modulator (DP-MZM) work at the carrier-suppressed single-sideband frequency shift status, both of the two bias points of the two MZMs should be set to be V π , the phase difference between the two branches should be set to be π/2, and the phase difference between the two RF input ports of the DP-MZM should be π/2. After light is circulated repeatedly in the fiber loop, an OFC will be generated [20] . The EDFA is used to compensate the light power loss in the carrier-suppressed single-sideband frequency shift modulation. Then, a fiber Bragg grating (FBG) is used to adjust the powers of every broach in the OFC to achieve a detuning OFC with proper power ratios between two adjacent broaches.
In the experiment, a highly stabilized laser source with the relative intensity noise of <−120 dBc/Hz @ 1 MHz and the output power stability of ±0.5% and a modulator bais controller with the accuracy of ± 2
• are used to keep the detuning OFC steady, which is in favour of obtaining power ratio with the absence of ambiguity. The frequency spacing of the OFC is set to be 2 GHz as same as the bandwidth of the PD, which can take full advantage of PD's response bandwidth and maximize the frequency measuring range. A detuning OFC with seven optical broaches is generated by choosing a FBG with proper reflectivity, and the powers of broaches in the generated detuning OFC gradually decrease in sequence, which means that a frequency measurement range from 2 to 12 GHz can be obtained. A signal analyzer is used to measure the spectrum in the frequency range from 0 to 2 GHz. The power ratio of the two adjacent broaches R i = P i /P i +1 (2 ≤ i ≤ 6) can be measured by beating with another optical frequency component. The power ratios between these adjacent broaches are measured to be 1.173, 1.818, 2.430, 2.718 and 2.967 dB. The incoming RF signals in different frequency range will introduce different power ratios, as shown in Fig. 3 . First, a single-tone signal with the frequency of 6.70 GHz is tested. The spectrum of the beating notes is shown in Fig. 4 . There are two beating signals in the frequency scanning range. One (defined as BS 1 ) has the frequency of 0.70 GHz, and the other (defined as BS 2 ) has the frequency of 1.30 GHz. As predicted, their frequency sum is 2.00 GHz, the same as the frequency spacing of the detuning OFC. The power ratio between BS 1 and BS 2 is approximately 2.428 dB. It can be deduced that BS 1 and BS 2 are the beating notes between the USB and the third and fourth broach in the detuning OFC, respectively. Therefore, the frequency of the tested RF signal can be estimated to be 6.70 GHz, according to Eq. (6).
Then, the frequency measurement error is investigated. We test the frequency measurement error across the entire measurement range with the beginning frequency of 2.1 GHz and a frequency step of 300 MHz. The real (straight black line) and measured (red star point) frequencies of the RF signal are shown in Fig. 5(a) . The measured error (vertical blue bar) is also shown in Fig. 5(a) , and it is less than 2 MHz, which is smaller than those reported in most of previous works. Also, the error in our test is frequency-independent across the entire measurement range. The power ratio across the incoming RF signal power range from −30 to 17 dBm is measured and shown in Fig. 5(b) . From Fig. 5(b) , it can be seen that the power ratio varies within a small range of less than 0.1 dB across the incoming RF signal power range. Fig. 5(b) shows that the measured power ratios are in the vicinity of the power ratio between the forth and fifth broach in the detuning OFC 2.430 dB as shown in Fig. 3 and keep away from that between the third and forth broach 1.818 dB and that between the fifth and sixth broach 2.718 dB, which indicates the absence of ambiguity.
Finally, a multiple-tone RF signal containing the frequencies of 4.50 and 9.20 GHz is also tested experimentally and the frequency spectrum of the beating signals is shown in Fig. 6 . The beating signals are composed of four components (referred to as BS 3 , BS 4 , BS 5 and BS 6 from low to high frequency, respectively), which have frequencies of 0.50, 0.80, 1.20 and 1.50 GHz. There are two frequency component pairs, BS 3 and BS 6 , BS 4 and BS 5 , with the frequency sum of 2 GHz, which indicates that the tested RF signal has two frequency components. The power ratio between BS 3 and BS 6 is measured to be 1.807 dB. It can be deduced that BS 3 and BS 6 are the beating signals between the USB of one component included in the tested RF signal and the third and forth broach in the detuning OFC, respectively. The power ratio between BS 4 and BS 5 is measured to be −2.706 dB. Similarly, BS 4 and BS 5 are the beating signals between the USB of the other component included in the tested RF signal and the sixth and fifth broach in the detuning OFC, respectively. Therefore, the tested RF signal can be estimated to have two frequencies of 4.5 and 9.2 GHz according to Eq. (6), respectively.
In this frequency measurement for multiple-tone RF signal, all of the four beating components can constitute frequency pairs. In the case that the frequency difference between two components of the incoming RF signal is within the response bandwidth of the PD, the corresponding beating signal will be added in the spectrum of the beating signals. Moreover, it will not introduce fake incoming RF component, since they cannot compose a frequency pair of the frequency sum of 2 GHz with any other beating component in the spectrum of the beating signals.
In this scheme, the measurement range is limited only by the number of broaches in the detuning OFC n and the frequency spacing of the detuning OFC f 0 . The frequency measurement range can be expressed as L = (n − 2)f 0 . As the number of broaches n increases, the measurement time generally remains the same. The measurement time mainly depends on the measurement time of the signal analyzer, and it is unrelated to the measurement range. This makes it easier to realize instantaneous frequency measurements over a large measurement range. The measuring error is determined by the resolution bandwidth of the signal analyzer and the frequency accuracy of the output from the signal generator. In our experiment, the measuring range is mainly limited by the FBG, and the measuring accuracy is mainly limited by the signal-to-noise ratio (SNR) and the resolution bandwidth of the SA. If a FBG with broader falling transmission spectrum is available, a larger measuring range will be achieved. If a SA with a smaller resolution bandwidth is used and the SNR of the system is improved, a higher measuring accuracy will be achieved.
Conclusions
In conclusion, we propose a photonics-assisted non-scanning high-accuracy frequency measurement scheme based on beating between DSB-CS signals and a detuning OFC using low-speed photodiode and spectrum analyzer. Our measurement scheme has the ability to estimate the frequencies of multiple-tone signals without scanning process, which is suitable for instantaneous multiple-frequency measurement over a large frequency range. In the proof-of-principle experiment, a single-tone signal with the frequency of 6.70 GHz was tested. Then measurement error across the frequency measurement range from 2 to 12 GHz was measured, and it was found to be frequency-independent and less than 2 MHz. Finally, the frequency measurement of the multipletone signal containing frequencies of 4.50 and 9.20 GHz was also conducted. Although a spectrum analyzer with the bandwidth of 2 GHz is used in the proposed scheme, the frequency measurement range from 2 to 12 GHz, which is far beyond the bandwidth of the used spectrum analyzer, is achieved. This proposed frequency measurement scheme is not limited by the trade-off among the measurement range, accuracy and speed. With the state-of-the-art devices, this scheme can deliver higher measuring accuracy in a spectrally cluttered environment. It is a promising solution for achieving an extensible measurement range and further improving various RF signal frequency measurement applications.
